INTRODUCTION
Lipopolysaccharides (LPSs) are ubiquitous and vital components of the cell surface of Gramnegative bacteria (1, 2) . They are amphiphilic macromolecules composed of a hydrophilic hetero-polysaccharide (comprising the core oligosaccharide and O-specific polysaccharide or O-chain) covalently linked to a lipophilic moiety termed lipid A, which anchors these macromolecules to the outer membrane. LPSs not possessing the O-chain are termed rough LPSs or lipo-oligosaccharides (LOSs).
In animal and insect cells, innate immune defenses are triggered by the perception of pathogen associated molecular patterns (PAMPs), conserved and generally indispensable microbial structures including LPSs. The recognition of PAMPs by these cells is often mediated by LRR (Leucine Rich Repeat) proteins such as Toll in Drosophila and the Toll-like receptors (TLR) in mammals (3) (4) (5) (6) . Recognition of LPSs occurs through the lipid A moiety which is responsible for most of the biological effects of LPS in animals. Lipid A toxicity in animals strongly depends on its structure and is also influenced by the covalently linked core region, which possesses immunogenic properties (1, 2) .
LPSs apparently have diverse roles in bacterial pathogenesis of plants. As major components of the outer membrane, LPSs are involved in the protection of bacterial cell, contributing to reduce the membrane permeability and thus allowing growth of bacterium in the unfavorable conditions of the plant environment (7) . In contrast, LPSs can be recognized by plants to elicit or potentiate plant defense-related responses as part of a group of general elicitors that include flagellin and periplasmic oligosaccharides (8, 9) . One of the most widely studied effects of LPSs on plant cells is their ability to prevent the hypersensitive response (HR) induced in plants by avirulent bacteria. HR is a programmed cell death response, triggered by live bacteria, that is often associated with plant host resistance.
In comparison with animal and human cells, little is known about the mechanisms of LPS perception by plants and cognate signal transduction pathway. Recent findings have suggested that the lipid A moiety may be at least partially responsible for LPS perception by Arabidopsis thaliana leading to a rapid burst of NO, a hallmark of innate immunity in animals (9) . Using synthetic O-antigen polysaccharides (oligorhamnans) it has been shown that the Ochain of LPS is recognized by Arabidopsis, and that this recognition leads to elicitation of a specific gene transcription response associated with defense (10) . These observations, together with the established influence of the core region on lipid A toxicity in animals, indicate that the elucidation of the structure and of the biological activity of both lipid A and core region are of high importance for a better understanding of LPS action in plants.
Xanthomonas campestris pv. campestris (Xcc) is the causative agent of black rot, a disease of
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cruciferous crops that is of worldwide importance. Xcc can also infect non-crop crucifers such as the model plant Arabidopsis thaliana. Both LPS and LOS have been described in Xcc, with LOS being the predominant form in some strains (7) . Here we have examined the molecular basis for the induction by Xcc LOS of defense responses in Arabidopsis thaliana. Our approach has been to determine the complete structure of purified Xcc LOS and to examine its activity in the prevention of HR caused by avirulent bacteria, and the induction of defense-related genes. We show that Xcc LOS is a unique molecule with a high negative charge density and a phosphoramide group, never found before in such molecules. Through comparison of the activity of intact Xcc LOS with chemically obtained (and structurally defined) fragments, we provide evidence that LOS acts to elicit defense responses in A. thaliana via independent recognition of the lipid A and the core oligosaccharide moieties respectively.
EXPERIMENTAL PROCEDURES
Bacterial growth and LOS extraction -Strain 8004 of Xanthomonas campestris pv. campestris was grown in 100 litres of peptone-yeast extractglycerol medium (NYGB) in a New Brunswick SSR 7 fermenter and harvested as described previously (11) . Freeze-dried cells were extracted three times with a mixture of aqueous 90% phenol/chloroform/petroleum ether (2:5:8 v/v/v) (12) . After removal of the organic solvents under vacuum, the LOS fraction was precipitated from phenol with water, washed first with aqueous 80% phenol, and then three times with cold acetone, and lyophilized with a yield of about 4.3% of the dry mass. For detection of LOS, fractions were analyzed by SDS-polyacrylamide gel electrophoresis on 12% gels, which were stained with silver nitrate.
Chemical degradation of LOS for structural analysis -For isolation of OS1 and OS2, LOS (40 mg) was dissolved in tetrahydrofurane and treated with anhydrous hydrazine (2 ml), stirred at 37°C for 90 min, cooled, poured into ice-cold acetone (20 ml), and allowed to precipitate. The precipitate was then centrifuged (3000 × g, 30 min), washed twice with ice-cold acetone, dried, dissolved in water and lyophilized (oligosaccharide OS2, 32 mg, 80% of the LOS). An aliquot of OS2 product (20 mg) was de-N-acylated with 4 M KOH as described (13) . Salts were removed by gel permeation chromatography with Sephadex G-10 (Pharmacia) column (50 × 1.5 cm) to yield the resulting oligosaccharide OS1 (16 mg, 40% of the LOS).
Chemical degradation of LOS for plant testsFree lipid A was obtained by hydrolysis of the LOS (40 mg) with 10mM sodium acetate buffer pH 4.4, (100°C, 3h). The solution was extracted three times with CHCl 3 /MeOH/H 2 O (100:100:30 v/v/v) and centrifuged (4°C, 5000 g, 15 min). The organic phase contained the lipid A and the water phase contained the core oligosaccharide.
General Analytical Methods. -Determination of sugars residues and of their absolute configuration, GLC and GLC-MS were all carried out as described (14, 15) . Monosaccharides were identified as acetylated O-methyl glycosides derivatives. After methanolysis (2M HCl/MeOH, 85°, 24 h) and acetylation with acetic anhydride in pyridine (85°, 30 min) the sample was analyzed by GLC-MS. Linkage analysis was carried out by methylation of the complete core region as described (16) . The sample was hydrolyzed with 4 M trifluoroacetic acid (100°C, 4 h), carbonylreduced with NaBD 4 , carboxy-methylated, carboxyl-reduced, acetylated and analyzed by GLC-MS. Total fatty acid content was obtained by acid hydrolysis (17) . LOS was first treated with HCl 4M (4h, 100°C) and then neutralized with NaOH 5M (30 min, 100°C). Fatty acids were then extracted in CHCl 3 , methylated with diazomethane and analyzed by GLC-MS. The ester bound fatty acids were selectively released by base-catalyzed hydrolysis with NaOH 0.5M/MeOH (1:1 v/v, 85°, 2h), then the product was acidified, extracted in CHCl 3 , methylated with diazomethane and analyzed by GLC-MS. The absolute configuration of fatty acids was determined as described (18) .
NMR spectroscopy -Structural assignments of OS1, 1D and 2D 1 H-NMR spectra were recorded on a solution of 5 mg in 0.6 ml of D 2 O, at 300 K, at pD 7 (uncorrected value). For structural assignment of OS2, spectra were recorded on a solution of 1% deuterated SDS (Sodium Dodecyl Sulphate) with 5 µl of 32% NH 4 OH at 298 K at pD 9.5 (uncorrected value).
1 H and 13 C NMR spectra were measured on Bruker DRX-400 (OS1) and Varian INOVA 500 (OS2). Spectra were calibrated with internal acetone [δ H 2.225, δ C 31.45]. 31 P NMR experiments were carried out using a Bruker DRX-400 spectrometer, aqueous 85% phosphoric acid was used as external reference (0.00 ppm). Nuclear Overhauser enhancement spectroscopy (NOESY) and rotating frame Overhauser enhancement spectroscopy (ROESY) were measured using data sets (t 1 × t 2 )
Molecular basis of elicitation of plant defenses
of 4096 × 512 points, and 16 scans were acquired. A mixing time of 200 ms was used. Double quantum-filtered phase-sensitive correlation spectroscopy (DQF-COSY) experiment was performed with 0.258 s acquisition time, using data sets of 4096 x 1024 points, and 64 scans were acquired.
Total correlation spectroscopy experiments (TOCSY) were performed with a spinlock time of 120 ms, using data sets (t 1 × t 2 ) of 4096 × 512 points, and 16 scans were acquired. In all homonuclear experiments the data matrix was zero-filled in the F1 dimension to give a matrix of 4096 x 2048 points and was resolution enhanced in both dimensions by a shifted sine-bell function before Fourier transformation. Coupling constants were determined on a first order basis from DQF-COSY (19, 20) . Heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond correlation (HMBC) experiments were measured in the 1 H-detected mode via single quantum coherence with proton decoupling in the 13 C domain, using data sets of 2048 × 512 points, and 64 scans were acquired for each t 1 value. Experiments were carried out in the phasesensitive mode according to the method of States et al. (21) . The heteronuclear experiments were performed using pulse field gradient programs. 1 H, 13 C HMBC was optimized for 6 Hz coupling constant, and 1 H, 31 P HSQC for 8 Hz coupling constant. In all heteronuclear experiments the data matrix was extended to 2048 × 1024 points using forward linear prediction extrapolation (22) .
Mass Spectrometry -Ions formed by the pulsed laser beam were accelerated through 24kV. Each spectrum is the result of approximately 200 laser shots. Mass spectra were assigned with a twopoint external calibration. MALDI preparation of such highly anionic samples was set up with substantial modifications of the thin-layer procedure described by Körner et al. for the analyses of enzymatic pectin digests (23, 24) . A small amount of the intact LOS was first suspended in a methanol-water 1/1 solution containing 5 mM ethylendiaminetetraacetic acid (EDTA) and allowed to dissolve by a brief ultrasonication. Few microliters of the obtained mixture were then desalted on a small piece of Parafilm ® with some grains of cation exchange beads (Dowex 50WX8-200, Sigma-Aldrich), previously converted in the ammonium form. 0.3 µl of this sample solution were finally deposited, together with the same volume of 20 mM dibasic ammonium citrate, in a thin layer of homogeneous matrix film obtained from a solution which components are 2,4,6-trihydroxyacetophenone (THAP) 200 mg/mL in methanol, and nitrocellulose (Trans-blot membrane, BioRad) 15 mg/mL in acetone/propan-2-ol (1:1 v/v), mixed respectively in a 4:1 v/v ratio. Plant tests -LOS and derived fractions were tested for their ability to prevent the HR in Arabidopsis thaliana accession Columbia (Col-O) caused by Pseudomonas syringae pv. tomato strain DC3000 carrying the avirulence genes avrRpm1 or avrRps4 (Pst avrRpm1, Pst avrRps4) (25, 26) . Fractions dissolved in water (50 µg ml -1 ) were infiltrated into 6-week-old leaves of Col-O. A control leaf was inoculated with water. The plants were placed in a growth cabinet at 25 °C with 16 hours light. After 20 hours these leaves were inoculated with Pst avrRPM1 or Pst avrRps4 (10 7 cfu ml -1 ) in both the area treated with one of the compounds and in the water treated area. Development or suppression of HR were followed over 24 hours in the LOS, core oligosaccharide, lipid A pre-treated and control (water-treated) areas as described previously (27) . All experiments were repeated at least three times. Growth of the virulent bacteria Pst DC3000 was followed in the plant tissue in the LOS, core oligosaccharide, lipid A pre-treated and control (water-treated) areas as described (28) . The mean and standard deviation of three separate measurements at each time point are given. Analysis of PR1 and PR2 gene expression -LOS and derived fractions were dissolved in water (50 µg ml-1) and infiltrated into 6 weeks old leaves of Col-O. A further set of leaves was inoculated with water. The plants were placed in a growth cabinet at 25°C with 16 hours light. The leaves were harvested 4, 12, 20 and 24 hours after inoculation. The changes in PR1 and PR2 gene expression were followed using quantitative realtime RT-PCR analysis exactly as described (10) . The PR-1 and PR-2 primer pairs (PR-1 Forward:
PR-2 Reverse: 5'-AGATTCACGAGCAAGGGAGA-3') were designed using the gene sequence for PR1 assigned AT2g14610 and PR2 assigned AT3G57260 in the Arabidopsis Genome Initiative3 and the primer3 program http://wwwgenome.wi.mit.edu/cgibin/primer/primer3_www.c gi as described (10) .
RESULTS
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fraction -Fatty acids composition, compositional and linkage analysis of carbohydrates obtained by GLC-MS are reported in Table 1 . All monosaccharides are in D configuration and fatty acids with R configuration. The approach to define the primary structure of Xcc LOS was to employ two chemical degradations followed by compositional and 2D NMR and MS analyses of the obtained compounds.
The LOS fraction was completely de-acylated by anhydrous hydrazine and hot KOH. The compositional analysis (Table 1) Table 2 and Supplemental Data Fig.1 ) and their area suggested for two of them, B and C, to be in 1:2 ratio with respect to the others. In the NMR spectra, the two α-and β-GlcN residues (A and E, respectively) of the lipid A backbone were clearly identified since the anomeric signals at 5.65 and 5.00 ppm were correlated to the expected carbon signals at 92.0 and 100.7 ppm, respectively, and their H-2 signals, at 3.35 and 3.04 ppm, were correlated to the nitrogen-bearing carbon signals at 55.7 and 59.7 ppm, respectively. In addition, the high multiplicity of the anomeric signal of A indicated the phosphorylation of the anomeric position. Residues B, H-1 at 5.28 ppm, C, H-1 at 5.13 ppm, and D H-1 at 5.09 possessed α-mannoconfigurations, as shown by both 3 J H1,H2 and 3 J H2,H3 values around 2-3 Hz. The H-1 signal of and F/F' at 4.58 ppm was assigned to glucose residues β-configuration as shown by the strong intra-residual NOE contacts measured among H-1, H-3 and H-5 of F/F'. Because of the absence of the anomeric proton signal, the spin system of Kdo G ( Fig. 1 ) was identified starting from the diasterotopic H-3 methylene protons found in a shielded region at 1.87 and 2.08 ppm (H-3 ax and H-3 eq , respectively). The α-configuration at C-2 was attributed by the chemical shift values of H-3 eq and by the values of The interresidual NOE contacts of the NOESY spectrum (Fig. 2a) and the scalar correlations present in the HMBC spectrum ( Residue F' was a terminal glucose, whereas residue F was further substituted at O-3 by a nonstoichiometric disaccharide formed by the two residues of mannose B and C (Fig.1) . NOE contacts between H-1 C and H-3 B and the HMBC correlations H-1 C/C-3 B were diagnostic of the presence of a α-(1→3) mannose disaccharide which was linked at O-3 of β-glucose F by residue B, as confirmed by NOE contact of H-1 B with H-3 F and the long range correlation H-1 B/C-3 F. The 31 P-1 H HSQC spectrum showed three cross peaks, whose 31 P chemical shifts were in accordance with the presence of three phosphate groups. Two of these signals, at 3.11 and 4.52 ppm, that correlated with the proton signals at 5.65 and 3.72 ppm, respectively, were identified as H-1 of α-GlcN A and H-4 of β-GlcN E composing the lipid A backbone. The third phosphate group was linked at O-3 of α-Man D, as shown by the cross peak between the 31 P signal at 3.45 ppm and H-4 D at 4.56 ppm.
Thus, these above results can be summarized as indicating the presence of a mixture of two oligosaccharides, differing in the length of the sugar backbone because of the presence of a terminal α-(1→3) disaccharide of mannose linked in non-stoichiometric amount at O-3 of β-D-Glc F (Fig. 1) . Structural characterization of the de-O-acylated LOS fraction -In order to detect the presence of alkaline labile substituents (i.e., phosphate residues) likely lost by harsh alkaline treatment, the LOS was only de-O-acylated by mild hydrazinolysis. The obtained product (OS2) was subjected to a complete chemical and NMR investigations which revealed the presence of a
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complex mixture of oligosaccharides. The NMR spectra were recorded on a solution of 1% deuterated SDS (Sodium Dodecyl Sulphate) with 5 µl of 32% NH 4 OH (298 K, pD 9.5).
In full accordance with the GLC-MS analysis of OS2 (Table 1) , the 1 H NMR spectrum (Fig. 3a) showed two additional spin systems with respect to OS1, that were identified as two residues of α-GalA, M and H. The chemical shifts and multiplicity of their H-1 signals suggested that they were both coupled to phosphate signals. The assignment of the other spin systems already detected in the previous analysis was straightforward (Table 3 ).
In the 31 P NMR spectrum (Fig. 3b) five main signals could be recognized in three different regions of the spectrum. Two signals were found in the chemical shift region typical of monophosphate di-ester group, at -1.9 and -0.9 ppm, whereas two other signals, at 2.94 and 5.23 ppm, were recognized as monophosphate monoester groups. The last and low-field 31 P signal present in the spectrum, a doublet at 16.2 ppm, was recognized as a phosphoramide group signal, in accordance with published data (30, 31) .
An extensive 2D NMR analysis lead to the identification of two pairs of oligosaccharides, differing in the phosphorylation pattern of residue D (4-α-Man), represented by two alternative and remarkably different spin systems: D-X and D-Y (H-1 signal at 4.97 and 5.24 ppm, respectively, Fig. 3a) . The location of these phosphoruscontaining groups was deduced from the 31 P-1 H HSQC spectrum (Fig. 4) . The phosphate group signals at 2.94 and 5.23 ppm correlated to proton resonances at 5.26 and 3.67 ppm, attributed to H-1 A and H-4 E, respectively. Thus, as expected, two phosphate groups belong to the di-acylated lipid A and were linked to O-1 of α-GlcN A and to O-4 of β-GlcN E. The cross peaks in the region of monophosphate di-ester group correlated to resonances in the anomeric region in F2 dimension. The first signal, at -0.9 ppm, correlated to two protons at 5.49 ppm and 4.50 ppm, H-1 H and H-4 G, respectively; the other at 31 P signal at -1.9 ppm also showed a double correlation to two proton signals resonating at 5.54 ppm and at 4.33 ppm, recognized as H-1 M and H-3 D-X. Thus, two phosphodiester bridges were identified, both bearing α-galacturonyl-phosphate groups. The first was attached at position O-4 of Kdo G, while the second α-galacturonyl-phosphate, present in minor amount, was located at position O-3 of α-Man D-X (Fig. 4) .
The location of the phosphoramide group remained to be established. The fifth cross peak, the phosphoramide signal at 16.2 ppm, displayed strong correlation to two protons at 4.59 and 4.49 ppm, i.e., H-3 and H-2 signals of the alternative α-mannose spin system, residue D-Y, and minor correlations with H-1 and H-4 D-Y were also present, attributable to 4 J P,H correlations. These correlations validated the existence of a five membered ring phosphoramide (Fig. 4) (Table 3) .
From the above data, a mixture of two pairs of oligosaccharides, X and Y, was identified in OS2 product. They carried, in non-stoichiometric amounts, a disaccharide of mannose and differed in the phosphorylation pattern of α-mannose D. In particular, oligosaccharide X carried a α-galacturonyl phosphate at O-3 of α-mannose (D-X) while oligosaccharide Y carried a phosphoramide ring substituting the position O-2 and O-3 of α-mannose (D-Y). The NMR data were strictly confirmed by mass spectrometry.
An aliquot of intact LOS was analyzed by negative ion MALDI-TOF ( Figure 5 ). Although MALDI is recognized as a soft ionization technique, it is known that, together with the desorption and the ionization of intact LOSs, a prompt and regio-specific cleavage of the labile α-Kdo linkage inevitably occurs. This very informative in-source fragmentation of lipid A from core oligosaccharide is dependent upon the laser power settings (24, 32 ) . The MALDI-TOF mass spectrum comprised three families of ions; at the lowest masses (m/z <1500), four peaks (P-S) were attributable to the core oligosaccharide. 
the presence of an additional residue of 2-aminoethyl phosphate. On the basis of further degradation of lipid A and subsequent MS analyses (33), the lipid A structure from Xcc LPS appeared to be identical to those of a Xanthomonas LPSs previously studied (34) . Thus, it was characterized by a remarkable variability in the fatty acids length and possessed an uncommon symmetric [3+3] distribution of acyl chains on disaccharide backbone with the acyloxyacyl groups exclusively ester linked (34) .
The prominent core oligosaccharide ions were represented by those of moieties P and Q ( Figure  5) . Species Q at m/z 1054.8 was consistent with an oligosaccharide possessing one Kdo, two hexoses, two phosphate groups and two hexuronic acids; species P at m/z 879.3 (∆m/z 175.5 with respect to Q) was lacking a uronic acid. Species R and S (m/z 1203.2 and 1378.8) showed a ∆m/z = 324 with respect to P and Q diagnostic of the presence of two additional hexoses.
Furthermore, it was possible to assign the mass peaks of the four groups of ions corresponding to the intact LOS (species LP-LQ, Figure 5 ). The group of ions termed LQ identified LOS molecules composed by a bis-phosphorylated hexa-acylated lipid A carrying primary and secondary fatty acids, one Kdo, two hexoses, two phosphate and two hexuronic acid residues; species LP differed by the absence of a hexuronic acid unit. Species composing the ion group LS carried two additional hexoses with respect to LQ (∆m/z = 324), as the ion group LR with respect to LP ( Figure 5 ).
Although NMR indicated the presence of a fivemembered ring phosphoramide, no ion peaks consistent with the presence of a phosphoramide ring were visible in the MS spectrum (18 Da less with respect to ion peaks which contain the phosphoramide group). We hypothesized that this apparent discrepancy was due to closure of the five-membered ring only in the alkaline medium in which the product was dissolved for the NMR measurements. This was verified by a MALDI-TOF mass spectrum of the product subjected to NMR measurements (not shown) that showed molecular ions differing by 18 Da from the LP-LS ions of Fig. 5 . Overall therefore there was a strict correlation between the NMR data and the MS measurements. On the basis of compositional analysis, NMR and MALDI MS measurements the complete structure of the LOS from Xcc was determined ( Figure 6 ).
The effects of LOS and its derivatives on prevention of the hypersensitive response in
Arabidopsis thaliana -In many different plants, pre-treatment with LPS can prevent the hypersensitive response (HR) induced by avirulent bacteria, a phenomenon that has been termed localized induced resistance (LIR) (35) . Xcc LOS triggered a similar effect in the model plant Arabidopsis thaliana; pre-treatment of leaves with purified LOS prevented HR caused by subsequently inoculated avirulent bacteria ( Figure  7a-b) , and reduced the growth of virulent bacteria (Figure 7c ). LOS pre-treatment prevented HR that is genetically determined by either the RPM1/avrRpm1 or the RPS4/avrRps4 interaction, which are triggered by different plant signal transduction pathways (36) . It is clear from these findings and work on other plants (tobacco, pepper, turnip) that the effects of LOS treatment are associated with an enhanced resistance of the plant tissue to pathogenic bacteria, which we presume to occur through LOS-dependent induction or potentiation of plant defense responses (27, 35, 37) . The mechanism(s) by which LOS prevents the HR are however as yet unknown.
In order to examine the structural basis for the LOS induction of the LIR response, we investigated the activity of the components of LOS. Both diphosphoryl lipid A and the core oligosaccharide moieties of LOS derived by mild acid treatment were able to suppress the HR (Table 4 ) (both products were identified by MALDI-TOF and NMR as described (34) ). Since lipid A and core oligosaccharide moieties are structurally quite different, our findings provide evidence for the existence of multiple elicitors or potentiators of plant defenses within the Xcc LOS. The finding that lipid A alone can trigger defense responses in A. thaliana is consonant with recent observations that lipid A can generate a rapid burst of NO production in cells of the same plant (9) .
It is well established that the phosphorylation pattern of lipid A can affect its biological activity in mammalian systems; the binding of lipid A to mammalian cell surface receptors is believed to require electrostatic interactions involving the phosphate groups (38, 39) . To test whether such ionic interactions also participate in the plant recognition of Xcc LOS, we assayed the LIR inducing activity of a derivative that had been treated with HF to remove all of the phosphate groups together with the phosphodiester-linked galacturonyl residues and the phosphoramide group, that is, the molecule only maintained the
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negative charge on the Kdo residue (the product was identified by MALDI-TOF and NMR). This treatment completely destroyed the ability to induce LIR (Table 4) , suggesting a role for ionic interactions in the binding of not only lipid A but also the core oligosaccharide to putative plant receptors.
The effects of LOS and its derivatives on induction of the defense-related genes PR1 and PR2 -It is established that LPS from Burkholderia cepacia can induce accumulation of transcripts of a number of defense-related genes in A. thaliana leaves (9) . This together with the above findings prompted us to examine the effects of LOS, lipid A and the core oligosaccharides on the induction of the defense-related genes PR1 and PR2. Xcc LOS caused a substantial increase in accumulation of transcripts for both PR1 and PR2 in A. thaliana. Transcript levels in response to Xcc LOS showed an early but transient accumulation at 12h and a later, more substantial accumulation after 20h (Table 5 ). Both the core oligosaccharide and lipid A preparations induced the accumulation of the defense gene transcripts, but the kinetics of the response were quite different in the two cases. The core oligosaccharide induced the more rapid response but did not induce the larger response seen after 20h, whereas lipid A produced only a relatively weak response at 12h, but induced a substantial response after 20h. These patterns of PR1 and PR2 induction, compared with that induced by LOS, strongly suggest that LOS is recognized via independent mechanisms involving the core and lipid A moieties, respectively. CONCLUSION To our knowledge, this is the first complete structure for a core oligosaccharide from a Xanthomonas spp. to be reported. The LOS comprised a mixture of species differing in the acylation, phosphorylation pattern and in the nonstoichiometric presence of a terminal disaccharide of mannose. It is very likely that this mannose disaccharide is previously assembled and later transferred during LOS biosynthesis; it may either constitute a primer for the attachment of the Opolysaccharide chain to the core, or, conversely, hamper this linkage. This is the first time that a phosphoramide group has been described as a component of bacterial lipopolysaccharide, and the second time it has been found in Nature as a component of a biomolecule. It was previously described as a constituent of the capsular polysaccharide of Campylobacter jejuni (31) . Interestingly, the phosphoramide moiety is highly sensitive to the acid or alkaline conditions commonly used to work-up LOSs and LPSs molecules (13) , therefore, it cannot be excluded that this chemical group is more widely present. As in many LPSs, the inner core region of Xcc LOS carries anionic substituents, which in this case are located on Kdo and α-mannose residues; the Kdo residue carries a α-galacturonylphosphate substituent at its position O-4 whereas the adjacent α-mannose is substituted at O-3 by a second α-galacturonyl phosphate or, alternatively, by a phosphoramide group (Figure 6 ). The presence of negatively charged substituents in close proximity of lipid A-core region is functionally important for intermolecular associations by cross-linking of divalent cations (1) . This electrostatic interaction contributes to enhance the stability of the external bacterial membrane with the formation of a strong, rigid and protective barrier (1) . Innate immune defenses in animal and insect cells are triggered by the perception of pathogen associated molecular patterns (PAMPs), conserved and vital components of the microbial metabolism including LPSs. The recognition of PAMPs by these cells is mediated by LRR (Leucine Rich Repeat) proteins such as Toll in Drosophila and the Toll-like receptors (TLR) in mammals (3) (4) (5) (6) . The endotoxic properties of LPS principally reside in the lipid A, the primary immunostimulator center of Gram-negative bacteria. It acts as strong stimulator of the innate immune system via the induction of inflammatory mediators released by host cells. The investigation of the role and the mechanisms of action of LPS in plant-bacteria interaction are still at an early stage. Plants have evolved the capacity to recognize LPS, flagellin and other general elicitors that are pathogen surface molecules able to trigger cellular defenses and thus deemed as PAMPs (10, 40, 41) . There is increasing evidence that the activation of plant innate response upon recognition of PAMPs partly resembles the mechanisms of activation of the innate responses in mammalian and insect systems. However, it is not clear whether mechanistic parallels for LPS perception by plants, animals and insects exist, as have been shown for flagellin perception.
Our work demonstrates that pathogen perception by plant cells has parallels to the innate immune systems in animal and insects in that similar components for recognition and signal transduction are employed. We have investigated one aspect of the recognition of LPS by plants by a complete structural definition of those components within a LPS capable of inducing plant defenses. Specifically we have shown that both the lipid A moiety and the core oligosaccharide are recognized by plant cells to trigger the LIR response and the expression of PR1 and PR2 in A. thaliana. The effect of lipid A alone on the induction of defense responses provides a ready explanation for the ability of LPSs from many different bacteria to induce LIR, since the structure of lipid A has a highly conserved chemical architecture within bacterial LPS. These findings together with recent observations that LPS from a number of bacterial sources and isolated lipid A can induce NO production in A. thaliana (9) , indicate that lipid A acts as a PAMP recognized by plant cells and triggers the activation of immune response genes, as in mammals and insects. On the other hand, we have also demonstrated that core oligosaccharide induces plant defense and that this occurs by a mechanism that is independent from that of lipid A. We infer from the pattern of defense gene induction by LOS that plant perception of this molecule involves independent recognition of the lipid A and the core oligosaccharide moieties respectively. Moreover, the demonstration that de-phosphorylated LOS molecule, which retains a single negative charge on inner core, does not induce any defense response in A. thaliana suggests a key role for the charged phosphate, phosphoramide and galacturonic acid residues.
Although core oligosaccharide from Xcc is active in triggering LIR (and inducing defense gene expression), those of other bacteria such as Escherichia coli and Ralstonia solanacearum are not (42) . This specific effect of the Xcc core oligosaccharide could be due to its unique structural features.
An understanding of the effects that LPS has on plants and how these are triggered has implications both for the control of bacterial diseases through general non-specific mechanisms and also in biocontrol of bacterial and fungal diseases by beneficial bacteria, which in some cases is believed to occur as a consequence of recognition of LPS. The challenge ahead is to identify the plant components involved in LPS recognition and subsequent signal transduction. The appreciation that structurally distinct components within LPS may trigger the same plant responses (possibly via different receptors) has substantial implications for the design of genetic or biochemical screens to identify such receptors.
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FOOTNOTES
The abbreviations used are: DQF-COSY, double quantum filtered correlation spectroscopy; GLC-MS, gas liquid chromatography-mass spectrometry; GlcN, 2-amino-2-deoxy-glucose; HMBC, heteronuclear multiple bond correlation; HR, hypersensitive response; HSQC, heteronuclear single quantum coherence; Kdo, 3-deoxy-D-manno-oct-2-ulosonic acid; LIR, localized induced resistance; LOS, lipooligosaccharide; LPS, lipopolysaccharide; MALDI, matrix-assisted laser desorption ionization; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement spectroscopy; PAMP, pathogen associated molecular patterns; ROESY, rotating frame Overhauser enhancement spectroscopy; SDS, sodium dodecyl sulphate; TLR, Toll-like receptor; TOCSY, total correlation spectroscopy; TOF, time-of-flight, Xcc, Xanthomonas campestris pv. campestris. Molecular basis of elicitation of plant defenses Molecular basis of elicitation of plant defenses igure 1. 
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Supplemental Data, Figure 1 . The TOCSY spectrum of OS1 product. The main TOCSY correlations of the anomeric proton of each carbohydrate spin system are shown. Capital letters are as denoted in Table   2 . 
